The``runt domain'' (RD) is a 128 amino acid region of the Drosophila pair-rule gene runt. This highly conserved region delineates the DNAbinding domain of a new family of transcription factors; the RD proteins. The family includes genes from Drosophila, chicken and mammals that are involved in a wide range of developmental processes, from sex determination and neurogenesis in Drosophila to hematopoiesis and osteoblast differentiation in mouse and human. The RD confers DNA binding ability and mediates the interaction of mammalian RD proteins with the b-subunit (CBFb), which enhances the DNA binding. The primary sequence of RD shows no similarity to other known DNA-binding motifs and its three-dimensional (3D) structure is not known. We employed molecular modeling-based mutagenesis to generate a 3D model of RD. Fold recognition programs identi®ed the palm subdomain of rat DNA polymerase b as the most likely fold for RD. In the predicted model, the RD region which interacts with DNA contains two arginine residues, R130 and R135, which appear to be in close contact with the major groove of the DNA and to interact with the three essential guanine bases of the core DNA motif PyGPyGGT. We mutated these two R residues and demonstrated that mutations markedly reduced the binding of RD to DNA with no effect on RD interaction with CBFb. The data provide important clues about the possible 3D structure of the RD and its interaction with the core DNA motif.
Introduction
The runt domain (RD) proteins (known as AML, CBFa or PEBP2a) are a family of heterodimeric transcription factors, involved in mammalian hematopoiesis (Speck & Stacy, 1995; Nucifora & Rowley, 1995; Ito, 1996) and osteoblast differentiation (Rodan & Harada, 1997) . The family includes the Drosophila genes runt and lozenge, the human AML1, AML2 and AML3 genes, their respective mouse and rat homologs and the chicken runt B gene (Figure 1 ). Of the three human genes, the AML1 is frequently disrupted in leukemia associated chromosomal translocations (Nucifora & Rowley, 1995; Liu et al., 1995; Ito, 1996) . All family members share homology in a 128 amino acids region, designated``r unt domain'', present in the Drosophila pair-rule gene runt (Kagoshima et al., 1993) . The RD conducts two central functions of RD proteins: (1) it directs their binding to the consensus core sequence PyGPyGGT through which they regulate transcription of target genes and (2) it mediates the interaction with the b-subunit, designated corebinding factor b (CBFb), which alone does not bind DNA, but increases the DNA binding af®nity of the heterodimer (Kagoshima et al., 1993; Speck & Stacy, 1995; Ito, 1996) .
The primary sequence of RD shows no similarity to any other known DNA-binding motifs such as Leucine Zippers, Zinc Fingers and Helix-LoopHelix (Klug, 1995) , and the three-dimensional (3D) structure of the RD is not known. We used fold recognition (Pro®t: Sippl et al., 1994) , homology modeling (Homology: MSI/Biosym Inc., San Diego, CA) and energy minimization (Encad: Levitt, 1983) to generated a 3D model of the RD.
The program Pro®t identi®ed the palm subdomain of rat DNA polymerase b (Davies et al., 1994; Pelletier et al., 1994 ; PDB code 1RPL) as the most likely fold for RD ( Figure 2 ). Of note, while both RD and polymerase b bind to DNA their biological function is distinct. Additionally, DNA polymerase b belongs to an ancient nucleotidyltransferase superfamily and its structure is unique among DNA and RNA polymerases (Holm & Sander, 1995) . In the predicted model, the region of RD which interacts with DNA is a b-sheet structure covered with basic amino acids. Two of these, arginine 130 (R130) and arginine 135 (R135), which reside in a highly conserved region of the RD (Figure 1 ), appear to be in close contact with the major groove of the DNA. Importantly, these two arginine residues seem to interact with the three essential guanine bases of the core motif PyGPyGGT (Figure 2) . To test this model, we mutated the two R residues and demonstrated that mutations markedly reduced the binding of RD and DNA. Replacement of R130 by alanine (A) signi®cantly lowered the DNA binding of RD (Figure 3 ), but did not affect its interaction with CBFb. The more conservative change of R130 to lysine (K) only marginally lowered the af®nity to DNA, and the addition of CBFb restored binding to WT level (Figure 3) . A more drastic effect on the Ribbon diagram of RD 3D model-structure predicts an essential role for R130 and R135 in DNA binding. Side-chains of residues mentioned in the text are color coded as follows: red, the two R130 and R135 mutated by us; orange, mutations that affect DNA binding (Crute et al., 1996; Lenny et al., 1995; Akamatsu et al., 1997; Kurokawa et al., 1996) ; green, mutations that do not affect DNA binding (Lenny et al., 1995; Kurokawa et al., 1996) ; cyan, tryptophan(W)79 (Crute et al., 1996) . The ribbon's yellow segment represents the P-loop motif (Speck & Stacy, 1995) . Alignment of the RD with DNA polymerase b palm domain (entry 1RPL in the Protein Data Bank; Abola et al. (1987) was generated using the fold recognition program Pro®t (Sippl et al., 1994) with only a few manual changes. Based on this alignment a 3D model was initially obtained, by using the Homology module of MSI/Biosym (San Diego, CA USA). The Encad program (Levitt, 1983) was then used for energy minimization with constraints on the C a positions. The core DNA motif PyGPyGGT was placed in analogy with the DNA position in the polymerase b (entry 1BPF), but with the major groove facing the RD as suggested by Speck & Stacy (1995) .
binding activity of RD to DNA occurred when R135 was mutated. The R135 3 A change completely abolished DNA binding, even in the presence of CBFb. The R135 3 K mutant retained some activity, but only when CBFb was added (Figure 3) , implying a more signi®cant role for R135 in DNA binding. Of potential relevance, the model predicted that R135 interacts with two of the Gnucleotides in the core motif PyGPyGGT (Figure 2) . Interestingly, while R135 is completely conserved through evolution (Figure 1 ), R130 is replaced by K in the two Drosophila genes, runt and lozenge.
The results indicate that both R130 and R135 are important for the DNA binding activity of RD, in agreement with the predictions made by the 3D model. Further support for this model can be found in the literature. For example, we ®nd tryptophan 79 in a polar environment (Figure 2 ), as predicted (Crute et al,. 1996) . Mutations such as K144 3 M and Q158 3 L (Crute et al., 1996; Lenny et al., 1995) or A107 3 T and S140 3 G (Akamatsu et al., 1997) , which reduce the DNA binding activity of the RD, are in contact with the DNA in our model. Other mutations however, which do not affect binding (Lenny et al., 1995; Kurokawa et al., 1996) , are remote from the DNA binding site.
The proposed model, while provisional, provides important clues about the possible 3D structure of the RD and its interaction with the PyGPyGGT motif. A high resolution X-ray crystallography of the RD in complex with the core DNA motif would of course provide further insight into the structural basis underlying the speci®c interaction of the RD proteins with their target genes. , and wildtype CBFb as well as mutated RD, were used for gel shift of 32 P-labeled oligonucleotide containing the TGCGGTC motif as described by Levanon et al. (1996) . RD and CBFb coding regions were generated by PCR and sequenced prior to in vitro translation. Mutations were generated as before .
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